Abstract. We studied the magnetic and electronic properties of the insulating charge-transfer salt (TMTTF) 2 AsF 6 by electron spin resonance (ESR), SQUID magnetometer and optical conductivity measurements. For the first time, the lattice dynamics was investigated in the vicinity of the charge order transition. We found a splitting of the electron-molecular-vibration coupled totally symmetric intramolecular a g (ν 3 ) mode below the charge-order transition at 100 K. From this result a charge disproportionation on the TMTTF molecular stacks of about 2:1 can be estimated. The spin degrees of freedom were investigated by ESR and SQUID. At high temperatures (TMTTF) 2 AsF 6 behaves like a antiferromagnetic S=1/2 Heisenberg chain. Below 13 K, we observed an exponential decrease of the spin susceptibility indicating the phase transition into the spin-Peierls ground state.
INTRODUCTION
Interactions between charge, spin, or lattice degrees of freedom result in the extraordinary rich phase diagram of the (TMTTF) 2 X and (TMTSF) 2 X charge transfer salts with a whole sequence of ground states like spin-Peierls, antiferromagnetism, spin-density wave, and finally superconductivity. In contrast to their selenium analogues TMTSF which are one-dimensional metals, the sulfur salts are semiconductors with localized spins on the TMTTF dimers. Recently, a new type of phase transition was discovered on the insulating side of the phase diagram: in (TMTTF) 2 PF 6 , (TMTTF) 2 AsF 6 , and (TMTTF) 2 SbF 6 a charge order transition related to charge disproportionation along the molecular stacks was observed at moderate temperatures [1, 2] . The charge ordered ground state is of ferroelectric nature [1] .
In this paper we present a detailed analysis of the infrared conductivity spectra of (TMTTF) 2 AsF 6 . The focus is on the temperature dependence of the vibrational spectra in the vicinity of the chargeorder transition. We also investigated the spin degrees of freedom by electron spin resonance (ESR) and with a SQUID magnetometer. Besides (TMTTF) 2 PF 6, (TMTTF) 2 AsF 6 is the only member of the TMTTF charge salts which has a non-magnetic spin-Peierls ground state. Here, we give an detailed analysis of the temperature dependence of the spin susceptibility. Our results on (TMTTF) 2 AsF 6 uncover a very complex behavior of this one-dimensional benchmark system in the vicinity of the phase transitions into the different ground states [3, 4] . The results indicate strong competition between charge, spin, or lattice degrees of freedom in (TMTTF) 2 X
EXPERIMENTAL DETAILS
Single crystals of (TMTTF) 2 AsF 6 were grown using standard electrochemical growth procedure [5] . The electron spin resonance (ESR) spectra were measured in a continuous wave X-band spectrometer (Bruker ESP 300) at 9. along their a, b , or c* axes with an accuracy of ± 5 percent. Complimentary measurements of the magnetic susceptibility were performed in a Quantum Design SQUID magnetometer between 2 and 300 K. Polarized reflectivity spectra R(ν) of the (TMTTF) 2 AsF 6 and (TMTTF) 2 PF 6 single crystals were recorded utilizing a Bruker IFS 113v Fourier-transform spectrometer in the 100-10000 cm -1 frequency range at temperatures 4 K T . DORQJ WKH KLJKO\ FRQGXFWLQJ a axis. The real part of the infrared conductivity σ 1 (ν) was obtained from R(ν) using Kramers-Kronig analysis. For purpose of the Kramers-Kronig analysis we performed a Hagen-Rubens extrapolation with our DC data [6] for the low-frequency limit (ω → 0); above 10000 cm -1 we used published data on (TMTTF) 2 X [7] .
SPIN ORDER PROBED BY ESR AND SQUID
The temperature dependence of the spin susceptibility of (TMTTF) 2 AsF 6 is shown in Fig.1 (crosses). . At T SP =13 K, the susceptibility drops exponentially indicating the spin-Peierls transition to a non-magnetic ground state. The line corresponds to fits using the mean-field model of Bulaevskii [11] .
It exhibits a maximum at around 300 K and then continuously drops with decreasing temperature. At low temperatures the susceptibility rapidly decreases indicating a transition to a non-magnetic ground state. The large thermal expansion coefficient of organic compounds has significant effects on the temperature dependence of the spin susceptibility. To compare the experimental results obtained at constant pressure with the theoretical predictions calculated for constant volume, the measured spin susceptibility has to be transformed in the spin susceptibility at constant volume [χ s ] V . This procedure utilizing NMR and X-ray data under pressure obtained by Wzietek et al. on (TMTSF) 2 PF 6 [8] was described in detail somewhere else [3] . At high temperatures the spin susceptibility at constant volume of (TMTTF) 2 AsF 6 (open diamonds in Fig. 1 ) resembles the behavior of a S = 1/2 Heisenberg chain with AFM coupling. The spin susceptibility of such a system can be well described by the model of Eggert, Affleck, and Takahashi [9] . |J|=410 K is smallest exchange constant detected in the (TMTTF) 2 X charge-transfer salts so far (|J| = 420 K for X = PF 6 , |J| = 430 K for X = ClO 4 and |J| = 500 K for X = Br [3] ). This finding is in agreement with crystallographic data: in (TMTTF) 2 AsF 6 the intermolecular distances are larger than in all other above mentioned materials [10] .
Quasi one-dimensional S=1/2 AFM spin chains can gain magnetic energy by forming a singlet (S = 0) ground state. As a result, at low temperature the spin-Peierls state accompanied by a dimerization of the spin chain (tetramerization of the lattice) is observed in (TMTTF) 2 AsF 6 or (TMTTF) 2 PF 6 , respectively. The development of this unmagnetic ground state causes an exponential decrease of the spin susceptibility below T SP = 13 K down to lowest temperatures which can be described within mean-field theory [11] . From our fits shown in Fig. 1(b) we obtained an alternation parameter γ = J 2 /J 1 = 0.94 of the dimerized spin chain, yielding to |J 1 | = 423 K (intradimer exchange), ISCOM 2003 59 |J 2 | = 397 K (interdimer exchange), and ∆ σ (0) = 22 K (singlet-triplet gap). There is a good agreement of 2 ∆ σ (0) /T SP = 3.4 with the value of 3.53 predicted by the mean field theory and with results on (TMTTF) 2 PF 6 where we found T SP = 19 K, γ = 0.91, and ∆ σ (0) = 32.3 K [3] . Temperature dependence of the spin susceptibility and the magnetic gap ∆ σ (0) of both compounds can be well understood within the mean field theory.
CHARGE ORDER PROBED BY INFRARED SPECTROSCOPY
In Fig. 2(a) we display the conductivity spectra of (TMTTF) 2 AsF 6 obtained from the reflectivity measurements with light polarized parallel to the molecular stacks (a axis). The real part of the optical conductivity σ 1 (ν) is dominated by vibrational absorption features in the far-and mid-infrared frequency region as expected for a semiconductor with localized charge carriers. A similar behavior was observed in the related compound (TMTTF) 2 PF 6 [12, 13, 7] . Due to their high intensity the vibrational modes completely cover the electronic excitations. In (TMTTF) 2 PF 6 the absorption feature around 800 cm -1 was associated with the gap for charge excitations [7] . According to our experiments, this feature is located at the same frequency in the PF 6 and AsF 6 salts. This finding is in agreement with results from DC conductivity measurements revealing the same activation energy for both compounds [14, 6] . However, the overwhelming dominance of the vibrational absorption makes it impossible to extract detailed information on the charge dynamics near the charge order transition from the present set of data.
Here, we focus on the influence of charge disproportionation on the vibrational spectra of (TMTTF) 2 AsF 6 . In a comprehensive study of the vibrational modes of neutral TMTTF and completely ionized TMTTF + Meneghetti et al. found that resonance frequency of the totally symmetric Raman active a g (ν 3 ) mode strongly depends on the degree of ionization of the TMTTF molecule [15] . This C = C stretching mode gets infrared active for light polarized parallel to the dimerized molecular stacks through electron-molecular-vibration (emv) coupling. For neutral TMTTF the mode was observed in polarized infrared absorption spectra at ν 0 = 1639 cm -1 , for TMTTF 0.5+ at ν 0 = 1603 cm -1 , and for TMTTF + at ν 0 = 1567 cm -1 [15] . Going from the neutral species to the completely ionized one, the a g (ν 3 ) mode softens by 72 cm -1 . Therefore, charge disproportionation along the molecular stacks should result in a splitting of this particular vibrational mode. Assuming a linear shift in the resonance frequency, the difference between the charges on two unequally charged TMTTF molecules ∆ρ is given by ∆ρ = ∆ν/72. ∆ν is the difference in the resonance frequency of the splitted modes. Fig. 2 (b) shows the temperature dependence of the a g (ν 3 ) mode of (TMTTF) 2 AsF 6 in the vicinity of the charge-order transition. Above T CO = 100 K, one Fano-shaped antiresonance is located at 1602 cm -1 . Well below T CO , two antiresonance modes are observed. The softer mode always is stronger than the harder mode which nevertheless gains spectral weight towards lower temperatures. The mode splitting reaches its maximum around 20 K with ∆ν = 19 cm -1 . From this ∆ρ = 0.26 can be calculated, i.e., the charges on the molecules of the dimers are ρ = 0.63 and 0.37, respectively. The magnitude of charge disproportionation derived from our experimental results of about 2:1 is somewhat smaller than the one obtained from NMR experiments [16] . Notably, below the spin-Peierls transition the mode splitting decreases. At 10 K, we find ∆ν = 14.5 cm -1 , ∆ρ = 0.2 and ρ = 0.6 and 0.4, respectively.
CONCLUSION
At high temperatures (TMTTF) 2 AsF 6 is a S = 1/2 antiferromagnetic spin chain with |J| = 410 K. Below 13 K, susceptibility decreases exponentially due to the phase transition in the spin-Peierls ground state. The dimerized spin chain can be well described within mean-field theory. We determined a spin gap ∆ σ (0) = 22 K. We found no signatures of the charge ordering at around 100 K in the magnetic susceptibility. Our results on optical spectroscopy uncovered a splitting of the electron-molecularvibration coupled totally symmetric a g (ν 3 ) mode in the charge ordered state. From this finding we estimated a charge disproportionation of about 2:1 on the molecular stacks. This value is slightly reduced below the spin-Peierls transition at 13 K.
